Is imperfect risk-sharing across households important for aggregate fluctuations? This paper develops a framework to answer this question. We first propose an accounting procedure for households-level data on consumption, wages and hours worked. In our prototype model with complete financial markets, households' choices regarding labor supply and assets' holdings are distorted by individual-specific wedges. We measure the wedges using micro data and show how to combine them with a class of heterogeneous agents New Keynesian models. The models in this class have an equivalent representation featuring a stand-in household with state-dependent preferences. We derive a mapping between these "preference shocks" and the micro wedges, and use this equivalent representative-agent economy to perform counterfactuals. We find that deviations from perfect risk-sharing was an important determinant of aggregate demand during the U.S. Great Recession.
Introduction
A classic question in macroeconomics is to what extent household heterogeneity and deviations from perfect risk-sharing are important for aggregate fluctuations. For a long time, most business cycle theories relied on the representative-agent paradigm, an approach that was partly justified by the influential result in Krusell and Smith (1998) that distributional issues play a limited role for macroeconomic dynamics in standard real business cycle models.
More recently, a new line of research is reevaluating this question. Studies have shown that in environments where risk-sharing is limited, households' self-insurance motives can be quite relevant for aggregate demand and can thus play an important role for business cycle if output is partly demand-determined, see Krueger, Mitman, and Perri (2016) for a survey of this literature. The answers to this question do however depend on the specific departure from an economy where aggregation holds and, in particular, on the set of financial assets and risk-sharing mechanisms that are available to households. 1 In this paper, we seek to provide an answer to this question that is robust to these considerations. Rather than following the common practice of specifying the set of financial assets available to households and the financial frictions they face, we use their choices to measure the degree of imperfect risk-sharing present in U.S. data, and we provide a framework to assess its macroeconomic implications. Our approach consists of two steps.
In the first step, we develop an accounting procedure for household-level data. Any path for household's consumption, labor supply, and wages can be rationalized as the outcome of a prototype model with complete financial markets and time-varying wedges. These wedges capture deviations between the households' choices observed in the data and those that would be observed under perfect risk-sharing, and they can be measured using micro data and the equilibrium conditions of the prototype model. In the second step, we show that few moments of the joint distribution of these wedges are enough to characterize the aggregate implications of imperfect risk-sharing. Specifically, building on the work of Nakajima (2005) , Krueger and Lustig (2010) and Werning (2015) , we show that a large class of business cycle models with idiosyncratic income risk and incomplete financial markets have an equivalent representative-agent formulation where the stand-in household has state-dependent preferences. These "preference shocks" characterize the aggregate implications of frictions at the household-level, and they are functions of the wedges defined in the first step.
Our main contribution is to combine this equivalent representative-agent economy with the measured wedges to evaluate the implications of imperfect risk-sharing for the business cycle. In our application, we find that imperfect risk-sharing contributed significantly to the decline in nominal interest rates and real economic activity observed during the U.S. Great
Recession.
We begin by describing the prototype model. We consider the decision problem of a household that chooses consumption, labor supply, and holdings of Arrow securities. The household's wage can differ from the average wage in the economy, and we label efficiency wedge the ratio between these two. In addition, we introduce individual specific taxes on labor supply and on purchases of Arrow securities. The former introduce a wedge between the households' marginal rate of substitution between consumption and leisure and the wage, so we label them labor wedges. The latter allow for the marginal utility of consumption between any two individuals to vary over time, so we label them risk-sharing wedges.
The wedges can vary across individuals and over time, and they guarantee that the prototype model rationalizes the path of consumption, hours worked, and wages observed in the data. Moreover, any structural model uniquely maps into a particular process for our wedges. As an example, we show that the allocation of a Huggett (1993) model where households face idiosyncratic income risk and can trade only a non-contingent bond is replicated in the prototype model by an appropriate sequence of efficiency and risk-sharing wedges: the former capture cross-sectional variation in wage per hour while the latter implies that individual consumption responds to idiosyncratic labor productivity shocks. 2 We measure the wedges using the equilibrium conditions of the prototype model and two households' surveys routinely employed in the literature, the Consumer Expenditure Survey (CEX) and the Panel Study on Income Dynamics (PSID). By and large, these two datasets give a consistent picture of the evolution of the wedges. For example, we document a positive cross-sectional relation between the labor and the efficiency wedge. In the timeseries, the average labor wedge spikes in recessions while, with the exception of the Great Recession, we observe little time-variation in the cross-sectional moments of the risk sharing wedge. Because the wedges are highly dimensional, however, it is important to identify which moments is mostly relevant for macroeconomic dynamics. The second step of our procedure accomplishes this task. Specifically, we show that in canonical business cycle models with heterogeneous agents few statistics of the distribution of these wedges are sufficient to measure the aggregate implications of imperfect risk-sharing.
We illustrate this point by considering a class of New Keynesian models with idiosyncratic income risk and incomplete markets. The models in this class share the same specification for households' preferences, technology, market structure, and the conduct of monetary policy.
They can differ in the nature of idiosyncratic risk faced by households, the set of assets they can trade, and their financial constraints. Each of these potential specifications imposes a particular set of restrictions on the distribution of the wedges. However, we show that for all the models in this class the equilibrium law of motion for aggregate variables can be equivalently represented as that of an economy with a representative household that features state-dependent preferences -that is, time-varying and stochastic rate of time preference and disutility of labor. Importantly, the mapping between these preference shifters and the micro wedges is the same for all the models in this class.
In the equivalent representative-agent economy, the discount factor that the household applies to a particular state of the world is the product of the "true" rate of time-preference and the average tax on Arrow securities that households pay in that state of the world. This result can be explained as follows. A high average tax on Arrow securities means that households have hard time insuring their idiosyncratic risk in that particular state of the world. Thus, they try to self-insure by saving more toward. In the equivalent representative-agent economy, these self-insurance motives are captured by higher "patience" of the stand-in household -higher discount rate. The disutility of labor is, instead, a convolution of all the micro wedges, and it captures compositional changes in the labor force. As an example, suppose that households with high consumption are also characterized by high labor productivity.
More cross-sectional dispersion in consumption, holding the average constant, induces high productivity households to work less and low productivity households to work more because of wealth effects, a compositional change that lowers worked hours in efficiency units.
In the equivalent representative-agent economy, these effects are captured by an increase in the disutility of labor (decline in labor supply).
We construct the time-path of these preference shocks using the micro wedges that we measured with the CEX. An important finding is that the discount factor, while mostly constant throughout the sample, displays a sizable increase during the Great Recession. It is well known in the literature that changes in the discount factor can induce sizable business cycle fluctuations in representative-agent New Keynesian models. As shown for example in Christiano, Eichenbaum, and Rebelo (2011) , these models can generate large output drops when the zero lower bound on nominal interest rate binds, and a common device used in the literature to reach the zero lower bound is an increase in the discount factor. An important question is whether the movements in the aggregate discount factor that are due to imperfect risk-sharing are large enough to be a quantitatively important source of business cycle fluctuations.
To address this question, we estimate the parameters of the representative-agent economy and of the process governing the preference shocks and construct the path for aggregate output, inflation and nominal interest rates that would have emerged in an economy with complete financial markets -that is, an economy with no risk-sharing wedges. The difference between the observed and the counterfactual path isolates the effects that imperfect risk sharing has on these aggregate variables. Our main finding is that imperfect risk-sharing across households had sizable macroeconomic effects during the Great Recession, accounting for roughly half of the output decline observed in 2008 and 2009. Related Literature. This paper contributes to the growing literature on New Keynesian models with heterogeneous agents and incomplete markets. See for example Guerrieri and Lorenzoni (2017) , Kaplan, Moll, and Violante (2018) , Auclert (2017 ), McKay, Nakamura, and Steinsson (2016 ), and McKay and Reis (2016 . Models in this literature consider a particular deviation from perfect risk-sharing by imposing a given asset structure and set of financial restrictions. We instead take an agnostic approach about the amount of risk-sharing available to agents and infer it from households' consumption data. Our work is complementary to this literature. We identify a set of cross-sectional moments that are important for the propagation of aggregate shocks in this class of models, and that can be thus used as empirical targets in quantitative analysis. However, we are silent about the set of asset structures that can replicate the patterns of the micro wedges we identify in the data. Identifying these frictions is important because our approach cannot be used for policy evaluation, and so a fully specified structural model is needed. 3
Most of this literature has emphasized the role of the distribution of marginal propensities to consume (MPCs) as a critical statistic to discipline structural models. This is because MPCs are informative about the response of aggregate variables to shocks like the tightening of borrowing constraints in partial equilibrium. Auclert, Rognlie, and Straub (2018) show that in general equilibrium the distribution of MPCs at different time horizons -what they term intertemporal MPCs -is a sufficient statistic for the response of output to fiscal shocks in a class of New Keynesian models. Our work is connected to this line of research. In particular, there is a mapping between the distribution of intertemporal MPCs and the impulse response function to aggregate shocks of the discount factor and disutility of leisure of the stand-in household in our framework. Our approach has the advantage that it can be more easily implemented without the need of natural experiments that are necessary for estimating intertemporal MPCs. However, without knowledge of the impulse response functions, we cannot study how imperfect risk sharing affects the propagation of specific structural shocks (eg. a monetary policy shock).
Our approach builds on the business cycle accounting framework developed in Chari, Kehoe, and McGrattan (2007) for business cycle models. Hsieh and Klenow (2009) used a similar logic to think about misallocation of factor of productions with heterogeneous firms.
Our contribution is to apply the accounting procedure on the households side and to derive simple summary statistics from the micro data that are sufficient to characterize the impact of imperfect risk-sharing for aggregate fluctuations. The idea that wedges can capture deviation from perfect risk-sharing has been used also in Fitzgerald (2012) and Ohanian, Restrepo-Echavarria, and Wright (2018) to study international capital flows. They do not focus on the role of imperfect risk-sharing in the propagation of shocks.
Our finding of an increase in aggregate discounting is consistent with a recent strand of the literature that has emphasized how an increase in idiosyncratic income risk in New Keynesian models with incomplete markets could account for the drop in aggregate demand and interest rates during the US Great Recession. See, for instance, Heathcote and Perri (2018) , Ravn and Sterk (2017) and Bayer, Lütticke, Pham-Dao, and Tjaden (2019) . Different from these studies, we discipline our quantitative excercise by replicating salient features of the cross-sectional distribution of households' income, consumption and hours choices.
Layout. The paper is organized as follows. Section 2 presents the prototype model and defines the micro wedges while in Section 3 we use the CEX and PSID to measure the wedges and uncover key cross-sectional patterns. Section 4 introduces the class of heterogeneous agents economies at the center of our application, derives the equivalent representativeagent representation and explains how to combine it with the micro wedges to perform counterfactuals. Section 5 and 6 implements these counterfactuals for the US economy. Section 7 concludes.
Prototype model
This section introduces the benchmark prototype model and shows how individual specific wedges can be used to rationalize households' level data on consumption, hours worked and wages. We also discuss the restrictions on these wedges implied by various models with underlying frictions in labor and financial markets.
Time is discrete and indexed by t = 0, 1, .... The economy is populated by a continuum of households divided into a finite number of types i ∈ I. Let µ i be the measure of type i agent in the economy. There are two types of states: aggregate and idiosyncratic. We denote the aggregate state by z t and the idiosyncratic state by v t , both of which are potentially vector valued. Let z t = (z 0 , z 1 , ..., z t ) be a history of realized aggregate states up to period t and v t = (v 0 , v 1 , ..., v t ) be a history of idiosyncratic states up to period t. We also let s t = (z t , v t ) and s t = z t , v t . Let Pr i s t |s t−1 be the probability of a history s t . We assume that Pr i (s t |s t−1 ) = Pr i (v t |v t−1 , z t ) Pr(z t |z t−1 ) so we allow for the possibility that the aggregate state affects the cross-sectional distribution of the idiosyncratic state and that the agent's type affects the probability of drawing a given v t .
Households are infinitely lived and have preferences over consumption, c i s t , and hours worked, l i s t , given by
We further assume that the period utility is given by
with σ > 0 and ψ > 0.
Each household is endowed with some initial wealth a 0 and with a unit of labor every period. 4 Households choose how much to work, consume and save, taking as given the wage and the price of financial assets. We assume that the real wage after history s t is given by W s t = θ (v t ) W z t where W z t is the average wage after history z t . We refer to θ(v t ) as the efficiency wedge because it introduces a wedge between individual and average wages, and we assume that in all possible aggregate histories the cross-sectional average of θ (v t ) is constant and equal to 1,
Furthermore, we assume that asset markets are complete, and households can trade Arrow securities contingent on the aggregate and idiosyncratic state. We let Q i s t , s t+1 be the price of an Arrow security for an individual of type i with history s t that pays one unit of the final consumption good next period if s t+1 is realized. This insurance is provided by competitive financial intermediaries. Absence of arbitrage opportunities requires that
That is, the price of an individual Arrow security that pays in state z t+1 , v t+1 is the aggregate state price, Q z t+1 , times the probability that the individual has idiosyncratic state v t+1 given the current history and the aggregate state is z t+1 .
Labor income is taxed with a proportional tax τ l,i s t . The tax can depend on both the 4 To ease notation, the initial level of wealth is included in v 0 and we do not index allocation by a 0 .
aggregate and idiosyncratic state of the economy and the type of the agent. We refer to τ l,i s t as the labor wedge because it introduces a wedge between the household's marginal rate of substitution between consumption and leisure and the household's wage. 5 We also introduce a proportional tax on the purchase of Arrow securities, τ a,i s t+1 . We will refer to τ a,i s t+1 as the risk sharing wedge. The presence of this wedge allows for the ratio of marginal utility of consumption for two individuals to vary over time.
The problem for an individual consumer is then to choose consumption, labor supply, and holdings of Arrow securities, a i s t , s t+1 , to maximize his lifetime utility (1) subject to the budget constraint
given lump-sum transfers T s t . The solution is an allocation c i s t , l i s t , a i s t+1 that satisfies the optimality conditions
and the budget constraint.
We can now define a (partial) equilibrium outcome in this economy. Given taxes and transfers τ a,i s t , τ l,i s t , T i s t , efficiency wedges {θ (v t )} and aggregate prices {W z t , Q z t }, an equilibrium is a set of allocations c i s t , l i s t , a i s t+1 such that consumption, labor and asset holdings are optimal for the household and the price of Arrow securities Q i s t , s t+1 satisfy the no-arbitrage condition (3).
Recovering the wedges
We now show how data on households consumption, hours worked and wages can be used to measure the realization of the individual wedges of the prototype model. This is possible because, given any sequence c i s t , l i s t , W i (s t ) , there exists a unique sequence of wedges that rationalizes it as an equilibrium outcome of the prototype economy.
Specifically, suppose we observe a panel for individual consumption, hours' worked and 5 Importantly, the labor wedge in our paper differs from the one in Chari, Kehoe, and McGrattan (2007) . In their paper, the labor wedge is defined as the wedge between the marginal rate of substitution between consumption and leisure for the household and the marginal product of labor. We replace the marginal product of labor with the wage. See Karabarbounis (2014) and Bils, Klenow, and Malin (2018) for an empirical analysis of the wedge between households' marginal rate of susbtitution and the wage.
wages. The realization of the efficiency wedge can be constructed by taking the ratio between individual and average wages,
Similarly, we can specialize the labor supply condition (5) to our preferences, and obtain an expression for the labor wedge as a function of observables and model parameters
There is a layer of indeterminacy when it comes to the risk sharing wedge. From the Euler equation (4), we cannot separately identify the risk sharing wedge and Q i z t , z t+1 . In what follows we set
where U c z t is shorthand notation for U c C z t and C z t is aggregate consumption,
As we discuss later in the paper, this normalization does not affect the results in our main application.
We can then combine this choice for Q(z t , z t+1 ) with equations (3) and (4) to obtain an expression for the risk sharing wedge as a function of observable variables,
The following proposition summarizes this result Proposition 1. Any sequence c i s t , l i s t , W i s t can be supported as an equilibrium of the prototype model with wedges τ a,i s t , τ l,i s t , θ (v t ) given by equation (6), (7) and (8), and transfers given by
To understand the role of the wedges, it is instructive to study the allocation that would prevail if taxes were equal to zero for all histories s t .
Consider the risk sharing wedge first. In an economy with perfect risk sharing, the ratio of the marginal utility between any two individuals is constant for all histories: for all v t+1 andṽ t+1 it must be that U c,i z t+1 , v t+1 /U c,i z t , v t = U c,i z t+1 ,ṽ t+1 /U c,i z t ,ṽ t . Given the preferences in equation (2), this would imply that individual consumption is a constant fraction of aggregate consumption across individual and aggregate histories,
In other words, when τ a,i (s t+1 ) = 0 for all s t+1 , individual consumption responds only to aggregate shocks and not to idiosyncratic ones. Clearly, such prediction is not borne in the data. The risk sharing wedge is what allows the prototype model to generate time-varying consumption shares. In particular, letting ϕ i s t = c i s t /C z t be the consumption share of an individual of type i with history s t , we have from equation (8) that
Consider the individual labor wedge next. If labor taxes were set to zero, our prototype economy would imply the following behavior for individual hours worked
where L z t are aggregate hours worked. That is, individuals with high efficiency/low consumption would work on average more. Any deviation from this optimal labor supply is absorbed by a labor wedge. By appropriately taxing labor supply, our procedure can rationalize any pattern for hours worked in the data.
An implication of Proposition 1 is that any detailed economy, that is any structural model, has unique implications for the wedges of the prototype model. This mirrors the equivalence results in Chari, Kehoe, and McGrattan (2007) , and it implies that the wedges could be used to discriminate structural models: that is, one could verify whether the predictions of a given model are consistent with the data by comparing the wedges implied by the model with those obtained from micro data.
In Appendix A, we present several examples of detailed economies and show how they map into the wedges of the prototype model. First, we show that standard incomplete market models, along the lines of Huggett (1993) , generate time-varying risk sharing and efficiency wedges at the micro level, and they also imply a positive cross-sectional correlation between these two, as positive (negative) idiosyncratic income shocks imply an increase (decrease) in individuals' consumption share. Second, we show that a model with wage rigidities as in Erceg, Henderson, and Levin (2000) generates a distribution of labor wedges across the population, where the heterogeneity arises because only a fraction of wages is reset every period. Finally, wedges might not only reflect "frictions" in labor and financial markets, but also misspecification of the prototype model. We make this point by showing that a simple endowment economy in which agents have heterogeneous risk aversion can generate variation in consumption shares even when financial markets are frictionless: through the lens of the prototype model, this variation in consumption shares would be captured by non-zero risk sharing wedges.
Measuring the wedges
Having introduced the prototype model and defined the wedges, we now measure them using two households' level surveys routinely employed in the literature, the Consumer Expenditure Survey (CEX) and the Panel Study of Income Dynamics (PSID). Section 3.1 describes the data while Section 3.2 discusses the behavior of the wedges.
Data description
The CEX and the PSID collect information on income, expenditures, employment outcomes, wealth and demographic characteristics for a panel of U.S. households. We describe each data set below.
The Consumer Expenditure Survey (CEX) is a rotating panel of U.S. households, selected to be representative of the population, collected at a quarterly frequency. Households report consumption expenditures for a maximum of four consecutive quarters, income and employment information is collected in the first and last interview, and wealth information in the last interview only. The Panel Study of Income Dynamics (PSID) is a panel of U.S. households, selected to be representative of the U.S. population, collected at a bi-annual frequency.
While the PSID has always collected information on income, hours and wealth, in 1999 the PSID started to collect comprehensive information about consumption expenditures as well.
We use CEX data over the period 1984-2012 and PSID data from 1999-2015.
Our baseline sample includes all households where the head of the household is between the ages of 22 and 60. We only use households who participate in all four interviews in the CEX, as our main income measure and most savings questions are only asked in the final interview. For the PSID, we require that a household appears for at least three interviews.
Further details about sample selection in each dataset are discussed in Appendix B.
In order to construct the wedges, we need information on consumption expenditures, total hours worked and wage per hour. Our measure of consumption is dollar spending in nondurables and services by the household. Total hours worked include hours worked by the head of household and the spouse over the entire year in all jobs. We obtain wage per hour by scaling an indicator of labor income at the household's level by total hours worked. Labor income is a pre-tax measure, and it includes wages and salaries, bonuses, overtime, tips plus income from a business. In addition to the variables that are necessary for the calculation of the wedges, we obtain socio-demographics indicators about the households (education, sex, family size, etc.), information on the household's assets and liabilities and disposable income. 6 Specifically, we will use in our analysis an indicator of liquid assets (savings and checking accounts, bonds and stocks) and an indicator of net-worth at the households' level. The prototype model abstracts from important features of the micro data, such as lifecycle dynamics. In order to have a clear mapping between model and data, we need to purify our variables of these factors. We do so through panel regressions. Letc it the the log of consumption expenditures at the household level andỹ it the log of labor income. We estimate, in both the CEX and PSID panel, the following linear equatioñ
where X it includes the sex, education and age of the head of household, family size and dummies for the quarter in which the interview is conducted and a quadratic time trend.
After estimating this regression, we predict consumption only using labor income and the residual,c
We repeat this procedure for all variables used in the analysis. 7 After estimating these relationships, we divide all variables in levels, with the exception of wage per hour, by the number of family members in order to obtain per-capita figures.
Appendix B presents summary statistics of the underlying micro data and some comparisons with previous studies in the literature. Households' characteristics in our sample are comparable, both for the PSID and for the CEX, with the ones reported in Heathcote and Perri (2018) . In line with their findings, we also verify that the behavior of aggregate consumption expenditures, labor income and hours worked implied by the two datasets tracks reasonably well their corresponding values in National Accounts. We finally compute a set of cross-sectional statistics and show that their behavior over time closely mirror the one reported in previous papers in a large body of work on consumption and income inequality (Blundell, Pistaferri, and Preston, 2008; Krueger and Perri, 2006; Aguiar and Bils, 2015;  Attanasio and Pistaferri, 2016).
Wedges in the data
We can now use the observations {c it , l it , w it } and the expressions in (6), (7) and (8) to construct the wedges. For that purpose, we need to choose the parameters governing households' preferences. In our baseline calculations, we set the degree of constant relative risk aversion and the Frish elasticity of labor supply to 1. We also choose χ so that the average labor wedge in the first year of the sample equals 30%.
Households in the PSID are interviewed once every two years. The risk-sharing wedge, then, is computed using the changes in consumption between two consecutive interviews (8 quarters changes). The CEX has a quarterly frequency, and each household is interviewed four times. Thus, we have at most four observations for consumption and two observations for hours worked and income for each household. To minimize time aggregation issues, for each year we focus on households that have their last interview in the fourth quarter and compute the risk-sharing wedge by using the change in consumption between the last and the first interview (three-quarters change). To increase the cross-sectional dimension of our dataset, we also include households that have their fourth interview in the fourth quarter or the last interview in the third quarter, and compute the risk-sharing wedge using 2 quarters changes in consumption. We further annualize the changes in consumption in both the CEX and the PSID to make the risk sharing wedges comparable. Figure 1 reports the histograms of the three wedges pooled across all years in the overlapping sample. This is meant to give a snapshot of the cross-sectional variation that we uncover in our data sets. The top three panels of the figure report the wedges computed using the CEX, while the bottom three panels report comparable figures computed using the PSID.
We can verify from the figure two main facts. First, there is a substantial degree of dispersion in all three individual wedges in both data sets. Second, comparing across the two rows, we can see that, with the exception of the risk-sharing wedge, the results are remarkably similar across the two data sets -qualitatively and quantitatively. 8 Some benchmarks are useful for interpreting the cross-sectional dispersion in the wedges.
Given log-preferences, we know that an individual risk sharing wedge equals zero if the consumption growth of that individual between time t − 1 and t was equal to aggregate These occurs, for example, when households that have high consumption/low efficiency and also have high hours worked. The efficiency wedge is the easiest to interpret: an efficiency wedge equal to 2 implies a wage per hour for that household that is twice as large as the average wage. Examining figure 1, we can see that most households earn less than the mean wage in the data. Figure 2 shows bin scatter plots that display the pairwise cross-correlations between the three wedges. There are clear cross-sectional relationship between each pair-wise combination of wedges, which are consistent across the two data sets. In the left panel we plot the relation between the efficiency wedge and the risk sharing wedge. In a world with perfect risk sharing, this relation would be an horizontal line. In the data, instead, we see that households with low idiosyncratic efficiency wedge at time t typically high risk-sharing wedgesthat is, below average consumption growth between time t − 1 and time t. We can also see that households with a higher labor wedges have also high efficiency wedges. The positive relation between the efficiency and the labor wedge means that the prototype model needs labor subsidies for households with "low efficiency", and taxes on households with "high efficiency" to rationalize the data. This reflects the fact that wage per-hour is more dispersed across households than hours worked. 
New Keynesian models with heterogeneous agents
So far we have defined the micro wedges and showed how to measure them using survey data. We now show how the wedges can be combined with equilibrium models to evaluate the implications of imperfect risk sharing for the business cycle.
We start in Section 4.1 by detailing a class of Heterogeneous Agents New Keynesian (HANK) models. The models in this class share the same specification for households' preferences, technology, market structure and the conduct of monetary policy. However, they can differ in the nature of idiosyncratic risk faced by households, the set of assets they can trade and their financial constraints. In other words, our formulation leaves fairly unrestricted the "micro side" of the models in this class, encompassing in this fashion several variants studied in the literature.
In Section 4.2 we discuss the determination of macroeconomic aggregates in this class of models. Specifically, we show that their law of motion is equivalent to that of a representative agent economy with "taste shocks"-that is, with a stochastic and time-varying discount factor and disutility of labor for the representative household. We emphasize two important features of this representation: i) the taste shocks are simple functions of the micro wedges defined in Section 2 and ii) this mapping is invariant to the specific set of assets of financial constraints that households are facing. Section 4.3 illustrates this result in two simple HANK economies.
Finally, Section 4.4 explains, at a conceptual level, how to combine this representation and the micro wedges to perform counterfactuals designed to isolate the role of imperfect risk sharing for the business cycle.
Model
Environment. As before, we denote the realization of the aggregate state by 
where µ is related to the (constant) elasticity of substitution across varieties, ε, by the follow-
Firms producing intermediate goods operate under monopolistic competition, and they purchase labor services from households in competitive labor markets in order to produce their variety,
where A(z t ) is an aggregate technology shock, common across firms, and n j (z t ) is labor in efficiency units demanded by firm j. In equilibrium, the labor market clears and we have that
That is, each individual v t is associated to a particular level of efficiency e(v t ): hiring more high-efficiency types, holding total hours worked fixed, results in higher output produced by the firm. This individual-specific productivity shock e(v t ) generates idiosyncratic income risk for households. We denote by W(z t ) the wage per efficiency unit of labor.
Households. Households enter the period with some financial assets and they work for intermediate good producers. We assume that their labor income is taxed at τ l,i (s t ) and that households receive a lump-sum transfer T i (s t ). This is a simple way to introduce a deviation between the marginal rate of substitution between consumption and leisure and the wage.
The households choose consumption, new financial positions and labor in order to maximize their expected life-time utility.
We model financial markets in a flexible way. First, we assume that households can trade a risk-free nominal bond. We denote by b i (s t ) the position taken today by a household of type i and by 1 + i z t the nominal return on the bond. We also assume that the household can trade a set K of possible assets, with the nominal return of a generic asset k ∈ K for a given history (s t , s t+1 ) given by R k s t , s t+1 . This formulation allows for different types of financial assets: individual Arrow securities, shares of the intermediate good firms, complex financial derivatives, etc. We let a k,i z t−1 , v t−1 be the holdings of assets k that a household of type i with history v t−1 has accumulated after an aggregate history z t−1 .
In addition, we allow for a number of constraints that potentially restricts the financial positions that households can choose,
for some function H i . We refer to the set of constraints in (12) as trading restrictions.
The set of assets K and the trading restrictions in (12) are a flexible way of representing a large class of models with incomplete financial markets. Our formulation can encompass as special cases a Bewley-Huggett-Aiyagari economy, the two-assets economy in Kaplan and Violante (2014) and Kaplan, Moll, and Violante (2018) , the endogenous debt limits in Alvarez and Jermann (2000), or the various forms of restriction on asset trading in Chien, Cole, and Lustig (2011, 2012) . Note, also, that the H i function can depend on s t , which implies that we are allowing for aggregate and idiosyncratic shocks to affect the financial constraints of households. The only restriction that we impose is that purchasing risk-free nominal bonds weakly relaxes these constraints, H b b, {a k } k∈K , s t ≥ 0. By doing so we are ruling out limited participation economies where agents must pay a fixed cost to have access to the risk-free nominal bond.
Given this structure, we can write the household's problem as
and the trading restrictions in (12).
Because of the assumption that H b (.) ≥ 0, a necessary condition for optimality is
where Π(z t+1 ) = P(z t+1 )/P(z t ) is the gross inflation rate. Thus, if the trading restrictions (12) do not bind for some agents, we know that (13) holds with equality for the agent with the highest valuation for the risk-free bond. 11 Moreover, labor supply must satisfy
where w(z t ) = W(z t )/P(z t ) is the real wage per efficiency unit.
Final good producers. The final good is produced by competitive firms that operate the production function in (10). From their decision problem, we can derive the demand function for the j-th variety
where P j (z t ) is the price of variety j and P(z
Intermediate good producers. The monopolist of variety j operates the technology (11).
As in Rotemberg (1982) , we assume that the firm faces quadratic costs to adjust its price,
The problem of firm j is to choose its price P j z t given its previous price P j z t−1 to maximize the present discounted value of real profits. We assume that the firm discounts future profits using the real state price
That is, firms discount future profits using the marginal rate of substitution of the agent that values dividends in the aggregate state the most. 12 The firm's problem can be written recursively as
subject to the production function (11) and the demand function (15).
The solution to the firm's problem together with symmetry across firms requires that the following version of the New Keynesian Phillips curve holds in equilibrium
where we defineΠ z t = Π(z t )[1 + Π(z t )] and w(z t )/A(z t ) is the real marginal cost for producing a unit of the final good.
Monetary policy and market clearing. We assume that the monetary authority follows a standard Taylor rule
where Π * is the inflation target of the monetary authority, (1 +ī) = Π * /β is the nominal interest in a deterministic steady state of the model and ε m (z t ) is a monetary shock. Note that we allow for the possibility of a binding zero lower bound constraint.
In equilibrium, the labor market, goods markets, and financial markets clear. Specifically, equilibrium in financial markets requires that
because bonds are in zero net supply, the value of inherited assets must equal the nominal value of the firm cum-dividend,
and the total value of new asset positions must equal to the nominal value of the firm exdividend,
Equilibrium representation
We now show that the class of HANK models considered here has a common representation for the law of motion of aggregate variables. Specifically, the equilibrium conditions in the model can be divided in a macro block, a standard representative agent New Keynesian model with taste shocks, and a micro block that captures the evolution of these taste shocks.
Furthermore, we show that the taste shocks are a function of the idiosyncratic wedges we defined in Proposition 1.
To this end, we define
Recall that ϕ i z t , v t is the consumption share of an individual of type i with history s t and it is related to the risk sharing wedges according to equation (9). We then have the following proposition: (20) and (21), the equilibrium aggregate consumption, output, inflation, and nominal interest rate, C z t , Y z t , Π z t , i(s t ), Q(z t+1 ) must satisfy the aggregate Euler equation,
the Phillips curve,
the Taylor rule (19), the resource constraint
and the real state prices
The proof for this result is straightforward. The aggregate Euler equation (22) is obtained by substituting the definition of the risk-sharing wedges in the individual Euler equation (13), and noting that under our assumptions it holds with equality for the agent with the highest marginal valuation of the bond-the "max" in equation (22). The Phillips curve (23) can be derived by substituting for the wage in (18) using the individual labor supply decisions. Indeed, multiplying both side of equation (14) by e(v t )/C(z t ) −σ/ψ and averaging both sides across individuals we obtain
We can then use the production function (11) and the fact that e(v t ) equals the efficiency wedge θ(v t ) to express the real wage as
and substitute it in equation (18) to obtain the Phillips curve (23). To obtain (24) we simply substitute the adjustment costs (16) in the resource constraint.
Equations (19), (22), (23), (24) and (25) are equivalent to those of a representative agent economy with "taste shocks": that is, shocks to the rate of time preferences and to the disutility of labor. Thus, the effects that micro heterogeneity has on macroeconomic variables can be represented in this class of models as if the household in an equivalent representative agent economy has become more/less patient or more/less inclined to work. See Nakajima (2005), Krueger and Lustig (2010) , and Werning (2015) for related results.
Proposition 2 has two main implications. The first implication is that β i (v t , z t+1 ) and ω(z t ) defined in equations (20) and (21) summarize all the information from the "micro block" of the model that is needed to characterize the behavior of aggregate variables. That is, we do not need to know the primitives of the model regarding the set of assets traded by households or the nature of their financial constraints to characterize the behavior of macro aggregates, as long as we know how {β i (v t , z t+1 ), ω(z t )} evolve. Second, there is a mapping between the micro wedges that we have defined in Section 2 and {β i (v t , z t+1 ), ω(z t )}, a relation that is invariant to the set of assets traded by households and the nature of their financial constraints.
Examples
Before moving to show how to combine the measured micro wedges with the representation in Proposition 2 to perform counterfactuals, we further illustrate the main result of this section with two examples. We consider two simple examples of HANK models, and derive for both the representation of Proposition 2. In particular, we show how the two simple structural models define a mapping from shocks to β i (v t , z t ). Both examples are motivated by recent research suggesting that microeconomic frictions might have been important factors behind the Great Recession.
The first example isolates the implications of a rise in idiosyncratic income risk on precautionary saving motives of households, a mechanism studied by Ravn and Sterk (2017) and
Heathcote and Perri (2018) among others. The second example shows how a tightening of credit constraints at the micro level can lead to a fall in aggregate demand, see Eggertsson and Krugman (2012) and Guerrieri and Lorenzoni (2017) .
Example 1: Precautionary motives and aggregate demand. Let assume that there is only one type of agent and drop the subscript i from alocations to economize on notation. Let σ = 1 and the idiosyncratic productivity shocks evolve according to
That is, idiosyncratic productivity is a random walk with Gaussian shocks. The standard deviation of individual productivity growth varies over time with the aggregate state z t :
when σ e (z t+1 ) is high, households face higher idiosyncratic risk.
To obtain analytical expressions for the β(v t , z t+1 ) and the ω(z t ) implied by this model, we set the taxes on labor to zero and we also assume that households can only trade the riskfree bond and that they face the borrowing limit b(s t ) ≥ 0. Because households cannot trade stocks of the firms, we also assume that the government levies taxes on the intermediate good producers and transfers the profits to the households in proportion to the realization of idiosyncratic productivity, e(v t )T(z t ).
The tight borrowing limits, coupled with the fact that bonds are in zero net-supply, implies that households in equilibrium cannot save. 13 Thus, every household is hand-to-mouth and consumes every period all his cash on hand
Furthermore, we can verify from the labor supply condition (14) and σ = 1 that l(s t ) is the same across individuals. So, it must also be that c(s t ) = e(v t )C(z t ) from the aggregate resource constraint.
Given the equilibrium consumption function, the risk sharing wedges are just functions of the income process, τ a (s t , s t+1 ) = e(v t ) e(v t+1 ) − 1, and the consumption shares of an individual with history s t is ϕ(s t ) = θ(v t ).
Substituting these expressions in equation (20) and (21) we can compute the implied β(v t , z t+1 ) and ω(z t ) in this specific HANK model:
and ω(z t ) = 1. Note that in this example β(v t , z t+1 ) does not depend on individual histories while ω(z t ) does not vary over time. These two expressions, coupled with equations (19), (22), (23) and (24), are enough to characterize the law of motion for aggregate variables in this specific example.
This representation is useful to understand how the interaction between idiosyncratic risk and incomplete financial markets can affect aggregate variables in HANK models. Suppose that households face today higher idiosyncratic risk, that is they expect higher σ e (z t+1 ). If financial markets were complete, this shocks would not have any effects on the allocation.
Because of incomplete financial markets, however, households have a precautionary motive to save in the risk-free bond. This increase in the propensity to save at the micro level can be represented as an increase in the discount factor in the equivalent representative agent New Keynesian model. 14 Example 2: Credit constraints and aggregate demand. Consider now an economy where the debt limit depends on aggregate conditions. For simplicity, assume that there are only two types of agents, i = 1, 2 of equal measure. When the aggregate state z t realizes, one the types samples a high efficiency labor units, e H , while households in the other type draw e L .
We further assume that households within types have no further idiosyncratic shocks to their efficiency of labor and that profits from the monopolistic competitive firms are distributed to households proportionally to e i (z t ).
Households can trade only a non-contingent bond in zero-net supply, subject to the debt limit φ(z t ). Thus, asset holdings must be such that
Assuming that φ(z t ) is sufficiently small so that the debt limit is binding for the agents with a low realization of the individual productivity shock, e L , the individual consumption allocations are given by
where b i z t−1 depends on the particular history:
We can then express the β i (z t+1 ) for the type that attains the maximum in the aggregate Euler equation (22) -the agent with a high realization of the individual productivity in z tas
From the expression above, it is evident how a tightening of the debt limit, a reduction in φ(z t ), increases β i (z t , z t+1 ) for the marginal agent. Intuitively, a reduction in φ(z t ) means that agent with a low income shock can borrow less to smooth their consumption. In equilibrium, this implies that the agent with currently higher income must save less and consume more to clear the asset market. The increase in current consumption share make this agent more willing to save and thus the measured β i (s t ) increases for the marginal agent.
Further notice that the above expression for β i (z t , z t+1 ) shows how the "micro-block" is not independent from the "macro-block" that determines the dynamics of aggregates as the β i (z t , z t+1 ) depends on aggregate consumption, the inflation rate, and the policy rate. Conversely, from Proposition 2, the evolution of these aggregates is affected by β i (z t ). Despite this caveat, we can still use the representation to assess the role of imperfect risk sharing in accounting for aggregate fluctuations as we next show.
The methodology at a conceptual level
We now explain how to use the representation in Proposition 2 and the micro wedges to evaluate the macroeconomic implications of imperfect risk sharing over the business cycle.
For now, we assume that the probability distribution of z t and its realization in a particular event are known and that we know how z t affects the distribution of idiosyncratic shocks v t , Pr i (v t |z t ). Suppose also that we know how {A(.), ε m (.), β i (.), ω(.)} depends on the under-lying state. Thus, given the realization of z t , we can use the representation in Proposition 2 to obtain the underlying equilibrium path for aggregate variables-output, inflation and nominal interest rates.
Our approach consists in comparing these benchmark paths to those that would arise in an economy with complete financial markets. To construct this counterfactual, we can set the risk sharing wedges to zero, τ a,i (s t , s t+1 ) = 0 for all histories and for all i. When doing so, we obtain a different process for β i (v t−1 , z t ) and ω(z t ), given by
Thus, the economy with complete financial markets features a different stochastic process for β and ω and, because of this difference, it features a different behavior for the aggregate variables. We label these the complete markets paths.
The comparison between the benchmark and the complete markets paths isolates the impact that imperfect risk sharing at the micro level has for macroeconomic aggregates over the particular history z t . This experiment can help us quantifying the role of households'
heterogeneity on a number of topics recently studied in the literature.
Our main application will be to quantify the importance of imperfect risk sharing during the Great Recession. As we mentioned earlier, several papers in the literature have suggested that the deep decline in real economic activity during the Great Recession was partly induced by an increase in households' propensity to save, either because of an increase in precautionary motives or because of a tightening of individual's borrowing constraints. If these mechanisms were important, we should observe the output trajectory in the benchmark to be substantially below its complete market counterfactual when feeding the history z t that led to the Great Recession.
Importantly, our methodology does not require z t to be an observed history. For example, we could use our framework to quantify how the transmission mechanism of monetary policy in HANK type models differs from their complete markets analog, a topic that has been recently studied by Auclert (2017) and Kaplan, Moll, and Violante (2018) . To do so, we can perform these counterfactuals conditional on a history that moves ε m at some time t while keeping all other states constant.
In this discussion we have assumed that we know Pr i (s t |s t−1 ), the realization of z t in a particular event, and how it affects {A(.), ε m (.), β i (.), ω(.)}. These assumptions were made to illustrate conceptually the nature of our counterfactuals. In practice, however, we need to estimate these stochastic processes, and we need a procedure to retrieve z t from the data. In the following sections we discuss how to use the measured micro wedges to obtain the time path for the taste shocks and how to implement in practice these counterfactuals.
Measuring the taste shocks
We now use the micro wedges measured in Section 3 and the expressions (20) and (21) to obtain empirical counterparts for β it and ω t . 15 Consistent with the measurement of the wedges, we set σ = ψ = 1.
From equation (20) we can see that β it is the conditional expectations, across idiosyncratic histories, of the risk-sharing wedge between time t − 1 and t. Our approach to estimate this conditional expectation consists in grouping households with similar observable characteristics at time t − 1 and computē
where N i is the number of individuals in the group at time t − 1. The logic of our approach builds on two premises. The first is that, by grouping individuals along certain observable characteristics, we are effectively proxying for an individual history v t−1 . The second is that the size of the groups are large enough, so thatβ it in equation (27) approximates the conditional expectation in equation (20).
Our partitioning of households into different groups is guided by the logic of baseline incomplete markets models. In the basic version of these models, the current level of income and assets are sufficient statistics for individual histories. We follow this insight and group households according to whether their level of income at date t − 1 is above or below median income and, within each of these two groups, weather the level of their liquid assets is above or below the group median. Thus, for each t − 1, we end up with four different groups of households: income rich/asset poor, income rich/asset rich, income poor/asset poor and income poor/asset rich. For each group i, we use equation (27) (29) implies that the incentives to save of this group are the relevant ones for determining the behavior of the risk-free rate in our sample. 17 Second, the discount factor measured in our approach displays some important patterns: an upward trend starting in the early 2000s and a substantial increase during the Great Recession. That is, the behavior of the micro wedges is consistent with the idea that imperfect risk sharing was a driving force of the secular decline in real interest rates, and also with the economic mechanisms we have reviewed in Section 4.3.
Which feature of the distribution of individual risk-sharing wedges is responsible for such behavior in the data? To answer this question, we focus on the risk-sharing wedges of the 17 That is, individuals with high income are those reaching the "max" in equation (22). income rich/asset poor and we decompose theirβ it as follows
Mechanically,β it can increase for two reasons. First, if on average the consumption growth of the group between date t − 1 and date t is smaller than consumption growth in the aggregate. This effect is captured by the termβ AVG,it in the above expression. Second, an increase in the cross-sectional dispersion of risk-sharing wedges raisesβ it because of Jensen's inequality, effect that is captured byβ JEN,it in equation (28). 18 Panel (c) in Figure 4 presents this decomposition. We can verify that the bulk of the time-variation in the discount factor of this group is due toβ AVG,it . That is, the sharp increase in the measured max iβit observed during the Great Recession arises because, on average, income rich/asset poor households reduced their consumption significantly more than other households.
A further decomposition can help us understand the forces underlying this decline in the average consumption share of the income rich/asset poor during the Great Recession. Letting s jt = 1 − c jt /y jt be the saving rate of household j and S t = 1 − C t /Y t the aggregate saving rate, we can write
Ignoring the covariance term, a decline in the average consumption share of a group between date t − 1 and t can arise because the group's propensity to save out of labor income increases relative to the average and/or because average labor income for that group falls relative to average labor income. Panel (d) in Figure 4 plots the behavior of the average change in consumption share for the income rich/asset poor group along with the average change in the income share and in the saving rate for that group during the Great Recession. By and large, this decomposition suggests that the reason underlying the drop in consumption share for the income rich/asset poor was due to an underlying increase in their propensity to save relative to other households instead of a fall in their relative income.
Summarizing these results, we documented two facts. First, that the consumption share of the income rich/asset poor households has been decreasing on average since the early 18 Note that in Example 1 where movements inβ it are driven by an increase in idiosyncratic income risk we have that all the variation inβ it is driven byβ JEN,it andβ AVG,it is constant over time and equal to 1. Conversely, in Example 2 where movements inβ it are driven by shocks to the borrowing limits with no idiosyncratic risk we have that all the variation inβ it is driven byβ AVG,it andβ JEN,it is constant over time and equal to 1. We now turn to the measurement of ω t in equation (21). For each household in our panel, we compute the consumption share, ϕ it = c it /C t and combine it with the efficiency and labor wedge to construct ϕ −σ/ψ it θ (1+ψ)/ψ it (1 − τ l,it ) 1/ψ . We then take the cross-sectional average for each t, and raise it to −1/ψ. Panel (a) in Figure 5 plots the time series for ω it , normalized to be 1 in 1996. We can see that this statistic increases substantially in the 2001 and 2008 recession, a pattern that follows closely the time path of the average labor wedge reported in Appendix B.
In panel (b) of the same figure we plot the counterfactual value of ω t , reported in (26). 19 We can see that from 2007, and throughout the Great Recession, this statistic lies above the observed ω t . Through the lens of our framework, this means that the impact of imperfect risk-sharing on macroeconomic aggregates during the Great Recession can be interpreted as a decrease in the marginal disutility of labor.
An application to the U.S. economy
We now discuss how to combine the measured taste shocks and the representation of Proposition 2 to measure the macroeconomic implications of imperfect risk-sharing. In Section 6.1 we discuss a Markovian implementation of the counterfactuals presented in Section 4.4. Section 6.2 reports the estimates of the structural parameters of the model and presents indicators of model fit. Section 6.3 presents the results of our counterfactual. We check the sensitivity of our results in Section 6.4.
Markovian implementation
In order to implement the counterfactuals discussed in Section 4.4 we need a procedure to estimate the stochastic processes {A(.), ε m (.), β(.), ω(.)} and to retrieve z t from the data. In this section we describe the restrictions that we place on these objects in order to implement our procedure.
We start by assuming a Markovian structure for the states, Pr i (s t |s t−1 ) = Pr i (s t |s t−1 ). Without loss of generality, we can then set z 1,t = a t = log A t and z 2,t = ε m,t , and assume that the shocks are uncorrelated at all leads and lags. The vector z t could potentially incorporate other aggregate shocks (for example, shocks affecting financial constraints), and we leave that unrestricted. Following much of the existing literature, we assume that the log of technology is an AR(1) process a t = ρ a a t−1 + ε a,t , ε a,t ∼ N (0, σ a ) and ε m,t ∼ N (0, σ m ).
Making assumptions about β i (v t , z t+1 ) and ω(z t ) is conceptually more problematic, because those are not fundamental shocks and do not necessarely inherit the Markov structure of s t . 20 To explain the nature of the problem, suppose that households in the economy have only access to the risk-free nominal bond and they face a borrowing limit b i (s t ) ≥ −φ. In a recursive competitive equilibrium of this framework, we know that the distribution of assets is an aggregate state and follows itself a Markov process. The implied process for β i (.) and ω(.), however, will be a VMA(∞), which is not a feasible process for estimation. In time series analysis, these processes are typically approximated with finite order ones. We follow this strategy and approximate the law of motion for these processes using a VAR(1).
Specifically, let T t = [log(β it ), log(ω t )] . We assume that T t follows the process
where µ = [µ β i , µ ω ] represents the mean of the process, η t ∼ N (0, Σ), and (Γ a , Γ m ) representing loadings of the structural shocks on T t . The choice of a VAR(1) is arbitrary, and one could think about alternative time series models to approximate the VMA(∞) representation of T t , as for example factor models, VARs with time-varying parameters, etc.
There are two features of the system in (30) that we wish to emphasize. First, the process for β it is individual-specific, as it depends on v t . Given our strategy of grouping households, we should in principle include in T t the measuredβ it for each group rather than just including max iβit . From a theoretical point of view, this might make a difference. Indeed, it could be that the group with the highestβ it in a given year is not the one with the highest incentives to save in equation (22), either because E t [β it+1 ] is not the highest or because there is another group with aβ jt+1 more negatively related to aggregate consumption growth. 21
However, because for most periods in our sample the income-rich/asset poor households are the one achieving the max, and because their measuredβ it is the most cyclical, we will only include max iβit in T t . This simplification allows us to economize on the number of state variables when solving the equivalent representative-agent economy with nonlinear methods, which is important in our application because of the binding zero lower bound on nominal interest rates.
Second, we allow the structural shocks a t and ε m,t to contemporaneously affect T t : this is because β and ω are in potentially functions of these aggregate shocks. This also explains why the errors in η t can be contemporaneously correlated, a feature that captures the possibility that other structural shocks might influence, at the same time, β and ω.
Given the stochastic processes for X t = [a t , ε m,t , T t ] and the value of models' parameters, we can solve for the policy functions of aggregate variables as a function of the state S t = [i t−1 , Y t−1 , X t ] using the system of equations in Proposition 2. For this purpose, we employ the projection algorithm developed in Gust, Herbst, López-Salido, and Smith (2017) for studying a representative agent New Keynesian model with an occasionally binding zero lower bound constraint, see Appendix C for a detailed description of the algorithm.
After this step, it is conceptually straightforward to implement the counterfactuals described earlier. Specifically, we carry out three main steps.
In the first step, and using data on T t , nominal interest rates, output and inflation, we jointly estimate the parameters of the stochastic process X t and the structural parameters that govern preferences, technology, the importance of price adjustment costs and the behavior of the monetary authority.
In the second step, we apply the particle filter to the estimated model and retrieve the sequence of states that rationalizes the behavior of the observables in our sample. This step guarantees that, up to a measurement error, the model replicates the behavior of aggregate and micro-level data, as summarized by T t . 22 Moreover, it provides us with an estimate of the path of the latent structural shocks, {a t , ε m,t }.
The third and final step consists in obtaining the counterfactual complete markets paths for aggregate variables. To do so, we can compute the policy functions of the model with complete financial markets, which is defined by the system of equation in Proposition 2 and a law of motion for X cm t = [a t , ε m,t , T cm t ], with T cm t constructed using the expressions in (26). We then obtain the counterfactual path for aggregate variables by feeding through these policy functions the realization of the structural shocks estimated earlier and T cm t .
Estimation
The model is estimated at an annual frequency on the 1997-2012 period. The aggregate data used in estimation are observations on output, inflation and nominal interest rates. We map the log of output in the model,Ŷ t , to the percentage deviations of log real GDP per capita from a linear deterministic trend. The inflation rate π t = log(Π t ) is the annual percent change in the consumer price index, and i t is mapped to the annual effective federal funds rate. The other observables that we use are max iβit and ω t .
The structural parameters are the ones governing preferences, [β, σ, ν, χ] , the importance of price adjustment costs κ, the elasticity of substitution across varieties µ, the behavior of the monetary authority [ρ i , γ π , γ ∆y , Π * ] and the stochastic process of X t .
We fix a subset of these parameters at conventional values. Specifically, we set σ = 1 and ν = 1. We also set µ = 1.2, a conventional value in the literature. The parameters χ and exp{µ ω } enter as a multiplication in the Phillips curve. To minimize the number of parameters to be estimated, we de-mean the log(ω t ) series and set µ ω = 0. The parameter χ is then chosen such that, given the other parameters, consumption equals 1 in a deterministic steady state of the model. In addition, we fix exp{µ β } to 0.98, the mean of max iβit over the sample and we set the target for annual inflation to 2%.
The remaining parameters, [κ, Π , ρ i , γ π , γ ∆y ] and [ρ a , σ a , σ m , µ ω , Φ, Σ, Γ a , Γ m ] are estimated with Bayesian methods. Let Y t = [Ŷ t , i t , π t , T t ] be the vector of observable variables, and denote by Y T all the observations in our sample. Remember that S t = [i t−1 ,Ŷ t−1 , A t , ε m,t , T t ] 
In the above notation, g(.) and f(.) represent the policy functions of the model, θ the vector of parameters to be estimated, ε t collecting the innovations to the stochastic variables of the model and e t collecting uncorrelated Gaussian errors that capture any deviation between the data Y t and g(S t ; θ). In estimation, we fix the variance of these measurement errors to 5% of the unconditional variance of their corresponding series.
Given this representation, we can apply standard filtering techniques to the above statespace system and evaluate the likelihood of the model, L(θ|Y T ). We can then combine this information with a prior for the structural parameters, p(θ), and apply a standard random walk Metropolis-Hastings algorithm to sample from the posterior distribution (An and Schorfheide, 2007) 
For tractability, in this preliminary version of the paper we solve for the policy functions with a first-order perturbation when estimating the model. The first-order perturbation solution is much faster and numerically more stable than the global approximation discussed in Appendix C, and it allows us to use the Kalman filter for the evaluation of the likelihood function. The main drawback is that we are not considering the possibility of a binding zero lower bound constraint on nominal interest rates when estimating the model's parameters. Table 1 reports the results of the estimation. The structural parameters defining the behavior of the monetary authority and the degree of price stickiness are in line with previous estimates reported in the literature. For instance, they are comparable to the estimates reported in the working paper version of Gust et al. (2017) , who used aggregate quarterly data to estimate a similar version of our model -a representative agent three-equations New Keynesian with technology shocks, discount factor shocks and monetary policy shocks. (Need updating) Having estimated the model, we can now perform the main counterfactual of the paper.
Assessing the macroeconomic consequences of imperfect risk sharing
The first step consists in using the state-space representation (31) along with our observables Y T to estimate the latent variables S t . Because the focus of our counterfactual is the Great Recession, we apply our nonlinar solution algorithm that explicitly accounts for a binding zero lower bound constraint on nominal interest rate. When doing so, we set the structural parameters at their posterior mean in Table 1 . The state vector is estimated by applying the particle filter to our non-linear state space model. Because nominal interest rates, output and T t are observed in our procedure, the true latent states are the technology and the monetary policy shocks. Figure 6 reports the estimated latent state, the observables implied by the model, and their data counterpart. Despite having fewer shocks than observables, the model does a remarkable job in fitting both the micro data, as summarized by the behavior of T t , and the aggregate data on inflation, output and nominal interest rates. We label the model implied trajectories obtained in this first step as the "baseline".
The second step consists in solving for the policy functions of the "complete markets" version of the model, that is the one in which β i,t and ω t evolve according to (26) . 23 After obtaining these policy functions, we construct the counterfactual path for the observables by feeding these policy functions with the path for [Â t , ε m,t ] reported in Figure 6 and the path for ω c t . Figure 7 compares the trajectories for output, inflation and the nominal interest rate in this counterfactual with the ones in the baseline. As explained in Section 4.4, the difference between these two paths isolate the effects that imperfect risk sharing has for macroeconomic aggregates. Relative to the baseline, the counterfactual economy is associated to a fairly flat profile for nominal interest rate and inflation, and to a milder decline in output in the [2007] [2008] [2009] . Specifically, we find that imperfect risk sharing at the households' level was 
A Detailed economies and micro wedges
In this Appendix we present three examples of detailed economies and highlight their implications for the wedges of the prototype model.
A.1 A bond economy
We consider an economy along the lines of Huggett (1993) . We assume that there is only one type of household with preferences as in the prototype model. 24 The only asset available is an uncontingent bond in zero net supply, and we assume that agents face the debt limit
The technology to produce the final good uses labor as the only inputs
and firms are perfectly competitive.
An equilibrium is an allocation and a real risk free rate R z t such that: i) the allocation maximizes (1) subject to the budget constraint c s t + a s t ≤ W s t l s t + a s t−1 R z t , and the debt limit (A.1); ii) the real wage is given by
The equilibrium for this economy is characterized by the household's optimality conditions: U c s t e (v t ) = −U l s t and the Euler equation
Pr s t+1 |s t U c s t+1 (A.2) with equality whenever the debt limit is not binding. 24 Since there is only one type of household we omit the subscript i to index allocations by type.
A-1
Comparing equation (A.2) with equation (4) in the main text, and abstracting from the debt limit, we notice that (4) holds state by state while (A.2) holds only in expectations. This difference is captured in the prototype model by non-zero risk sharing wedges.
To see this more clearly, let's focus on a special case with tight debt limits, φ → 0. Because agents cannot borrow and assets are in zero net supply, there is no trade in the bond market and the equilibrium allocation is equivalent to the one in financial autarky. In particular, allocations are static in that they depend only on the current realization of the exogenous state, s = (z, v), and solve
Solving for this system we obtain the consumption and labor allocations
From equations (A.3) and (A.4) and the definition of the wedges we have the following result Claim 1. The allocation {c(s t ), l(s t )} and individual wages {W(s t )} generated by the bond economy with tight debt limits is an equilibrium allocation for the prototype economy with wedges τ a s t , τ l s t , θ(v t ) given by
where
(σ+ψ) .
The model predicts a positive correlation between the risk sharing wedge, τ a s t+1 , and the growth of the individual productivity, θ s t+1 /θ s t . In the Huggett (1993) model, a decrease in income in period t + 1 after an idiosyncratic shock translates into a decline in households' consumption, see equation (A.3) . In a world with frictionless financial markets, the household would insure against this idiosyncratic shock by accumulating Arrow securities that pay in this state of the world. Thus, to align the predictions of the Huggett (1993) A-2 model to the prototype model, we need a tax on saving for that particular state-a negative τ a s t+1 .
Since there are no distortions to the labor supply and the labor market, the model predicts no labor wedges.
A.2 Heterogeneous risk aversion
We now consider a pure exchange economy with two types of households: high and low risk aversion. The period utility function for an agent of type
Risk preferences is the only dimension of heterogeneity and there is no idiosyncratic risk. The only risk that agent face is an aggregate endowment risk. Specifically, the economy can be either in a boom (B) or a recession (R). The aggregate endowment is A(z B ) in a boom and A(z R ) < A(z B ) in a recession. We assume that financial markets are complete and agents are born with no wealth.
The equilibrium consumption allocation in this model can be summarized by the consumption share of the high risk aversion agent in boom and recessions, ϕ H (z B ) and ϕ H (z B ) respectively. These consumption shares satisfy the standard risk sharing condition
where we have used the relation ϕ L (z) = 1 − ϕ H (z). From equation (A.8) we can see that
, because the high risk aversion agent buys insurance from the high risk aversion guy against aggregate shocks in equilibrium.
The model does not have an equivalent for labor supply. If we interpret the pure exchange economy as one in which there is no disutility from working and households supply zero hours in every period, we have the following result:
Claim 2. The allocation {c i (z t ), l i (z t )} generated by the pure exchange economy with heterogeneous risk aversion is an equilibrium allocation for the prototype economy with wedges τ a,i z t , τ l,i z t given by
τ l,i z t , j = 1, (A.10)
for i = H, L.
Thus our accounting procedure interprets the increase in the consumption share of the A-3 high risk aversion type transiting from a boom to a recession as a subsidy on saving,
> 0, and the reduction in the consumption share of the high risk aversion type transiting from a recession into a boom as a tax on saving, τ a,H z t+1 , H =
The labor wedge arises solely because of misspecification due to the need to match the first order condition for labor supply in the misspecified model.
A.3 Sticky wages and labor wedges
We now consider an example economy where the distribution of labor wedges is not degenerate. The economy is populated by a continuum of type of households indexed by i ∈ [0, 1]. A typical household of type i has preferences given by (1) and it supplies labor of type i.
The productivity of labor of type i is assumed to be constant and equal to 1, θ i (v t ) = 1, and constant. The final good in the economy is produced utilizing different types of labor according to
where A * (z t ) is productivity, υ ∈ (0, 1), and N e z t is an aggregate labor index.
The final good sector is competitive. Given a distribution of wages W i z t i where W i z t is the wage for labor input of type i, the demand for such type of labor is
Households of type i are organized in a union. The union set wages in a staggered fashion.
In particular, they can change their wage with probability ξ in each period, iid over time.
Given the prevailing wage in the union, union members commit to supply labor according to the labor demand (A.11). We assume that financial markets are complete in that households can insure against aggregate shock and idiosyncratic shocks (the ability to update the wage).
Without loss of generality, we caa think of the union choosing assets for the households and not only setting their wage. The problem for a union that has the opportunity to set its wage A-4 after history z t is V * ω, z t = max c,l i ,W i ,a r ,a U c, l j
Pr z t+1 |z t ξV * a r z t+1 , z t+1 + (1 − ξ) V a z t+1 , W i , z t+1 subject to the budget constraint, P z t c + ∑ s t+1 Q z t+1 ξa r z t+1 + (1 − ξ) a z t+1 ≤ W i l i + ω, (A.12) and the demand l j = n j z t in (A.11) where ω is the financial wealth of the representative member of the union and V ω, W i , z t is the value if it cannot reset its price next period given by
V ω, w j , z t = max c,a r ,a U c, l j
Pr z t+1 |z t ξV * a r z t+1 , z t+1 + (1 − ξ) V a z t+1 , w j , z t+1 subject to the budget constraint (A.12) and the demand l j = n j z t in (A.11).
The solution to this problem gives that the reset wage after an aggregate history z t , W * (z t ), is common across types that get to choose a new wage and is given by W * z t = 1 υ ∑ ∞ r=0 ∑ z t+r β r (1 − ξ) r Pr z t+r |z t −U li z t+r N e (z t+r ) W(z t+r ) −1/(1−υ) ∑ ∞ r=0 ∑ z t+r β r (1 − ξ) r Pr (z t+r |z t ) U ci (z t+r ) P(z t+r ) N e (z t+r ) W(z t+r ) −1/(1−υ) and consumption is completely insured against the risk of not being able to adjust the wage so that for all i, j and z t , z r we have U cj z t U cj (z r ) = U ci z t U ci (z r )
To make things simple, we assume that the initial holdings of arrow securities are such that c i z t = C z t for all i.
In this economy, the idiosyncratic history v t consists of the realization of the Poisson process that determines the ability of the union to reset its wage. In particular, since we are assuming that markets are complete (and thus households can insure against the chance of their union not being able to update the price), to determine the allocation of an agent in A-5 period t and history z t , the only relevant information we need is the last time their union reset the wage. Alternatively, if we know the the distribution of wage in z t , W j z t , 25 then we have the following result:
Claim 3. The allocation {c i (z t , v t ), l i (z t , v t ), W i (z t , v t )} generated by the sticky wages economy is an equilibrium allocation for the prototype economy with wedges τ a,i z t , v t , τ l,i z t , v t , θ i (z t , v t ) given by
whereW z t is the average wage. 26
To derive the individual labor wedge, we manipulate the first order condition for labor supply in the prototype model as follows:
where the first line is the first order condition in the prototype model, in the second line we use the labor demand (A.11) to express labor supply l i (s t ) and that c i (s t ) = Y(z t ), in the third line we divide and multiply the denominator by W(z t ), the last line is simple algebra.
Note that the individual labor wedge has an aggregate and an idiosyncratic component.
The aggregate component, χ N e (z t ) ψ W(z t )Y(z t ) −σ , is driven by the fact that unions set their wage as a markup over the marginal rate of substitution, 1/υ > 1. The idiosyncratic component, 25 For t sufficiently large, the distribution of wages in a given period with history z t has support W * z t−k k≥0,z t−k z t with probabilities ξ (1 − ξ) k k≥0 . 26 Note that the average wage may differ from the ideal wage index W(z t ).
A-6 W j z t /W z t −[ψ+(1−υ)]/(1−υ) , is driven by wage dispersion. 27 Workers with a higher wage will supply less labor than workers with lower wages that are identical in all other respects: same productivity and same consumption (given complete asset markets and separable utility).
B Data
In this appendix we give more details about sample selection and variables definition. We also present some summary statistics of the raw data and of the micro wedges.
B.1 Definition of variables and sample selection in the CEX

Consumption expenditures.
Total hours worked. We compute total hours worked for the head of household by multiplying the number of weeks worked full or part time over the last year (INCWEEK1) multiplied by the numbers of hours usually worked per week (INC_HRS1). We obtain the same indicator for the spouse and add the two. Liquid assets. It includes the total amount the households held in savings accounts in financial institutions (SAVACCTX), checking and brokerage accounts (CKBKACTX), and the value of all securities directly held by the household (SECESTX).
Networth.
From the initial sample we drop households that report negative values for consumption expenditures, labor income, disposable income and hours worked at any interview. Taking 2006 as the year of reference, the number of households reporting consumption and income in interview 5 drops from 7091 to 7052. We next keep households whose head is in the age bracket 22-60, leaving us with 5060 households that reported income and consumption in 2006. Within this group, we keep households that are considered "full income responders" (4332), and drop any household that observed a change in family size between the first and 27 Note ψ + (1 − υ) > 0 since ψ ≥ 0 and υ ∈ (0, 1). Table 1 in their paper.
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